Practical heteronuclear dipolar recoupling performances under magic angle spinning for SFAM and REDOR have been investigated under well-defined rf inhomogeneity environments with variation of resonance offsets for the irradiated nucleus. The heteronuclear dipolar recoupling efficiencies were quantitatively determined based on the experimentally obtained rf homogeneity. As a result, SFAM retains higher recoupling efficiency (>95%) at an 85% effective nutation frequency, and its recoupling efficiency is gradually reduced at lower effective nutation frequencies. On the other hand, although REDOR retains higher recoupling (>95%) efficiency at high (>92%) effective nutation frequency with an XY-8 compensation pulse sequence, the recoupling efficiency is dramatically decreased when the effective nutation frequency is below 90%. Over all, SFAM has significant advantages for insensitivity to carrier frequency offset and rf inhomogeneity. C 2001 Academic Press
INTRODUCTION
Interatomic distances represent one of the important restraint types for characterizing macromolecular structure. In solid state NMR experiments, relatively long interatomic distances can be obtained precisely and accurately through hetero-(1-4) and homonuclear (5-10) dipolar interactions. However, many of these solid state NMR experiments are strongly dependent on the precise setting of pulse lengths and phases as well as on exact rotor synchronization. Consequently, they become very sensitive to the deviation and fluctuation of experimental parameters. In addition, many important biomolecules have low sensitivity due to the small fraction of a mole in the sample. Unfortunately dipolar recoupling methods are also sensitive to rf inhomogeneity as reported previously (11, 12) . As a result, the observed dipolar coupling is not measured accurately, indeed it is generally underestimated resulting in the determination of longer interatomic distances.
Recently, a new generation experiment has been developed, in which phase and amplitude are simultaneously modulated, known as "simultaneous frequency and amplitude modulation (SFAM)" (2) to recouple the heteronuclear dipolar interaction under magic angle spinning (MAS) conditions. This method seems to be relatively insensitive to the carrier offset and to the variation of several experimental parameters without pulse compensation schemes. These features greatly benefit biological sample experiments as mentioned above.
In the well-known and established rotational echo double resonance (REDOR) (1) experiment, the heteronuclear dipolar Hamiltonian is inverted by a π pulse in the middle of each rotor period to cancel out the sign change of the Hamiltonian resulting from the sample rotation, thus preventing the dipolar interaction from being averaged by MAS. Another π pulse is applied in the end of each rotor period so that the recoupled heteronuclear dipolar interaction can be accumulated from one rotor period to the next one. As a result, the toggling function of the heteronuclear dipolar Hamiltonian for REDOR becomes a rectangular function, which is sensitive to the flip angle error of the π pulses. Without a compensation scheme the flip angle error may accumulate and thus cause a serious reduction in the recoupling efficiency for heteronuclear dipolar interactions. On the other hand, in the SFAM experiment, because of the continuous amplitude and phase modulated rf irradiation, the toggling function of heteronuclear dipolar Hamiltonian becomes a cosine function, except for the two π pulses in the center of the dipolar evolution time to refocus the chemical shift interaction (2) .
In this study, practical performances of REDOR and SFAM sequences representing two different recoupling schemes under the MAS condition are explored. These recoupling efficiencies are determined by varying resonance offsets for the irradiated nucleus and sample positions in the sample spinner. The essential settings of experimental parameters to give reliable and quantitative data in these methods are investigated. Observed dipolar recoupling efficiencies for both methods show a different response to the rf inhomogeneity. By comparing their practical performances, it is anticipated that a direction to develop new methods can be obtained.
EXPERIMENTAL
Enriched [1-13 C, 15 N]glycine was purchased from Cambridge Isotope Laboratories (Andover, MA). The sample was mixed with natural abundance glycine at a ratio of 1 : 4 and then recrystallized (13) through slow evaporation of water without further purification. Such dilution effectively attenuates intermolecular dipolar interactions (14) (15) (16) .
All NMR measurements were carried out at 25
• C on a Bruker DMX-300 NMR spectrometer equipped with a triple resonance probe with a 7.0-mm o.d. spinner assembly. The Larmor frequencies for 1 H, 13 C, and 15 N were 300.12, 75.64, and 30.12 MHz, respectively. The XY-8 and XY-16 pulse sequences (17) for irradiation of 15 N nuclei were employed in the REDOR experiments as illustrated in Fig. 1 to compensate for the flip angle error, the off-resonance effect, and the fluctuation of the 1 H field. Crystalline samples of about 10 mg were first placed in the central portion of the 7.0-mm rotor with 1.0-mm thickness along the spinner axis. In this sample position, the π pulse lengths of 9.5 and 13.5 µs for 13 C and 15 N channel, respectively, were calibrated and the 1 H decoupling field used was measured to be 75 kHz. In SFAM experiments, a 40-kHz depth of rf modulation and a 40-kHz maximum offset were used for irradiation on 15 N channel. The same π pulse lengths and 1 H decoupling field were used in both SFAM and REDOR experiments and directly applied to other sample positions without recalibrating the power settings. Proton decoupling was achieved by two-pulse phase modulation (18) in all experiments. Precise sample positioning was achieved via specially designed Teflon spacers with ±0.2-mm precision along the axial direction of the sample tube. The number of data acquisitions was varied from 64 to 6400 depending upon the dipolar recoupling periods in order to obtain a reasonable signal-to-noise ratio. The sample spinning was controlled to 4000 ± 1.0 Hz by a Bruker MAS control unit. The dipolar dephased and full echo spectra were recorded at various N c T r values ranging from 2 to 24 ms for both SFAM and REDOR, where N c and T r are the number of rotor cycles and the rotor period, respectively. The normalized dipolar dephased signal is defined as S r /S 0 = (dipolar dephased/full echo) so that the transverse relaxation effect is suppressed in the plot. The signal intensities were analyzed as a sum of the center and sideband intensities (12, (14) (15) (16) . All simulation of REDOR curves were carried out using a FORTRAN 77 program by taking finite π pulse lengths into account (12) and all numerical simulations for SFAM were carried out with the GAMMA magnetic resonance simulation platform (19) .
RESULTS AND DISCUSSION

rf Inhomogeneity in MAS Probe
Effects of rf inhomogeneity on important solid state NMR experiments have been previously published (11, 12, 20) . However, in this study, quantitative estimates of spatially resolved rf inhomogeneity effects for distance measurements and a general strategy to characterize these effects are presented. Here "rf inhomogeneity" refers to a distribution of effective nutation fields dependent on sample position in a MAS spinner. In a CPMAS experiment with an inhomogenous rf environment for the sample, the observed signal intensity may vary due to many factors. The flip angle error of the 1 H excitation pulse and variation in net spin locking field during CP for both observed and 1 H nuclei are examples. Here, single pulse excitation with high power 1 H decoupling is more suitable for focusing on the flip angle errors of observed and irradiated nuclei due to the rf inhomogeneity.
Even the observed signal height based on one pulse excitation depends on both the flip angle change for the observed nucleus and the 1 H decoupling efficiency. Insufficient 1 H decoupling leads to line broadening, and therefore peak integration should be used.
The normalized peak integral at each site, I i , within the spinner may be translated into a nutation frequency by using the equation (21, 22) ,
where ν i rf and t w are the nutation frequency for each site and pulse duration, respectively, and i indicates the sample position in the spinner. For the center of the spinner i equals 0. In order to obtain quantitative peak integrals, we observed 13 C methyl signals from a rubber disk with high power 1 H decoupling using a fixed pulse length and without magic angle spinning. The methyl group in the rubber material gives rise to a relatively narrow 13 C signal due to large amplitude backbone and local motions and a small chemical shift anisotropy. A nutation experiment was carried out to measure the rf inhomogeneity of the full rotor, showing that the ratio of the intensities at the 450
• and 90
• nutation angles was 55.7% (plot not shown). A 1-mm thick rubber disk was positioned in the sample chamber along the MAS axis from the top to the bottom as illustrated in Fig. 2a for different experimental observations. Precisely speaking, the rf field is also radially inhomogeneous. For simplicity, an average rf nutation frequency is used to characterize the cylindrical segment occupied by the rubber disk. Figure 2b shows the profile of normalized 13 C methyl peak integrals. By using a weighted Gaussian curve to fit the profile, the center of the rf irradiation was determined to be 8.4 mm from the inner bottom of the sample tube. The peak integrals were translated into average nutation frequencies based on Eq. [1] , whose profile is shown in Fig. 2c . The maximum average nutation frequency with the rf power used was 55.6 kHz. The average nutation frequency profile obtained is a bit broader than the signal intensity profile.
Sample Position Dependence of Dipolar Recoupling Efficiency
For the dipolar recoupling experiment, relatively long mixing times must be used to assess the recoupling efficiency. However, the observed signal will be decreased significantly during long dipolar evolution times due to transverse relaxation (i.e., T 2 ). The sample positions for SFAM and REDOR experiments are redefined as illustrated in the column of Fig. 3 allowing us to use more samples in each position (2.4-mm thickness) for dipolar recoupling experiments. Because of the symmetric rf nutation frequency profile about the geometrical center of the spinner as shown in Fig. 2c , only positions 1 to 3 were observed (the experiment would be difficult to perform at sample position 4 due to low sensitivity). The average rf nutation frequency for each sample position 1, 2, and 3 were calculated as 97, 87, and 61%, respectively, based on the experimental rf nutation frequency profile shown in Fig. 2c .
In order to simulate the dephasing behavior at each position, only the dipolar coupling constant is changed to fit the experimental data without changing other parameters utilized in the experiment. The recoupling efficiency can be calculated as (D perimposed by theoretical curves at different sample positions. Clearly the recoupling efficiency varies with the sample position for both SFAM and REDOR experiments. At position 1 the efficiency is nearly 100% for both experiments. Deviations of the experimental points from the theoretical curves in the oscillatory regions were observed for both experiments but were more pronounced for SFAM. The deviations could result from cross talk between the proton decoupling and the 15 N irradiation, if the 1 H decoupling amplitude is less than three times as large as that of the 15 N irradiation (23, 24) . Compared to the REDOR measurements, SFAM is more sensitive to such cross talk because the 15 N channel irradiates throughout the time for dipolar dephasing. By using a lower 15 N irradiation amplitude to ensure that the 1 H decoupling amplitude is more than three times as large, such deviations are minimized, as shown in Fig. 4 . Recoupling efficiency of 98, 91, and 95% was obtained at position 2 for SFAM, REDOR XY-8, and XY-16, respectively. Clearly, the reduction of the recoupling efficiency is very subtle for SFAM but relatively large for the REDOR XY-8 sequence. The phase cycling of the REDOR XY-16 sequence partly compensates for the rf inhomogeneity effect resulting in a better recoupling efficiency compared to the XY-8 sequence. At position 3, a substantial reduction in the recoupling efficiency was observed for all experiments. In the REDOR experiments, although XY-16 compensated for the rf inhomogeneity effects somewhat better than XY-8, only 27 and 17% recoupling efficiencies were observed for XY-16 and XY-8, respectively. The dipolar dephasing curves fit the experimental data quite well even at such low recoupling efficiencies. In contrast, the recoupling efficiency for SFAM at sample position 3 was substantially better (66%). Once again the deviations between the experimental data and the theoretical curve near the oscillatory minimum were exaggerated because the proton decoupling at this sample position becomes much weaker, which could seriously compromise analysis efforts.
Irradiated Nuclear Carrier Frequency Offset Dependence
If the rf irradiation is applied to the isotropic resonance line (i.e., on-resonance), then the orientation dependent anisotropic resonances are under off-resonance irradiation. In MAS, the anisotropic chemical shift breaks up into a series of sidebands separated by the sample spinning frequency, if this frequency is not much larger than the size of the chemical shift anisotropy. Such spinning sidebands will continue to be a problem as large sample volumes and high magnetic fields are required. Even by using high spinning frequencies, the sidebands cannot be removed completely at high magnetic fields. This implies that the recoupling contribution from spinning sidebands may experience off-resonance irradiation. Thus it is important to address the recoupling efficiency at different carrier offsets for the three sample positions using both SFAM and REDOR experiments.
From the measurements, we found that the recoupling efficiency was almost independent of the carrier offset frequency for up to 10 kHz at sample positions 1 and 2, where the effective nutation frequencies were 97 and 87%, respectively. It is revealed that the XY-8 and XY-16 sequences in the REDOR experiments can effectively compensate for the rf offset as well as for the small rf inhomogeneity. For SFAM, the rf offset and rf inhomogeneity can be overcome through the frequency and amplitude modulation parameters. However, at sample position 3, where the effective nutation frequency was only about 61%, the recoupling efficiencies clearly depend upon the carrier offset, particularly for the REDOR experiments, as shown in Fig. 5 . Table 1 a Deviation = ((R on − R i )/R on ) * 100. R on , dipolar recoupling efficiency for on resonance. R i , dipolar recoupling efficiency for individual carrier offset frequencies.
SFAM and REDOR schemes at various carrier offsets with respect to on-resonance irradiation for the sample at position 3. It is clearly seen from Table 1 that the recoupling efficiency for SFAM is almost independent of the irradiation carrier frequency offset even if the effective nutation frequency is very low. On the other hand, the recoupling efficiency for REDOR with either the XY-8 or the XY-16 sequence strongly depends on the carrier offset under such a low effective nutation frequency, although the XY-16 sequence improves the recoupling performance by about a factor of 2 over the XY-8 sequence. Figure 6 shows the contour plots of the recoupling efficiencies for different schemes employed as a function of both the effective nutation frequency and the carrier offset. These contour plots were drawn based on the recoupling efficiencies experimentally obtained from 33 pairs of data sets (i.e., three sample positions and 11 different carrier offsets for each sample position), as described in the previous section. For each data set, 6 to 12 dipolar dephasing experiments (the pair of full echo and dipolar dephasing experiments) were used to determine the echo intensity changes with or without dipolar dephasing, as shown in Figs. 3 and 5. Thus, in total, over 708 experiments were performed for each contour plot.
Overall Dipolar Recoupling Efficiency
It is illustrated in Fig. 6 that the profile for the recoupling efficiency strongly depends on the dipolar recoupling method employed. For SFAM, as shown in Fig. 6a , the recoupling efficiency gradually decreases as the effective rf nutation frequency decreases. A high recoupling efficiency (>95%) can be achieved when the effective nutation frequency is larger than 85%. Even when the effective nutation frequency is as low as 65%, over 70% recoupling efficiency can still be obtained. At a given effective nutation frequency, the variation in recoupling efficiency over the carrier offset is relatively small and a local maximum recoupling efficiency is observed at an offset of about 4 kHz. Therefore, the results imply that neither the recoupling efficiency for SFAM nor the carrier offset is sensitive to the rf field inhomogeneity, although no phase cycling is employed in the experiments. On the other hand, for REDOR, even with XY-8 and XY-16 phase cycling sequences, the recoupling efficiency is strongly dependent upon the effective nutation frequency, as shown in Fig. 6b and 6c . Both the XY-8 and XY-16 sequences exhibit a high recoupling efficiency (>95%) when the effective nutation frequency is larger than 92%. However, their recoupling efficiency decreases dramatically as the effective nutation frequency becomes less than 87%. With 65% effective nutation frequency, only about 40% recoupling efficiency is obtained. Therefore, it can be concluded that the recoupling efficiency for REDOR is very sensitive to the rf field inhomogeneity, even with the compensation phase cycling sequences. Compared to XY-8, the XY-16 sequence has slightly better recoupling efficiency at a given effective rf nutation frequency, especially for on-resonance irradiation. Furthermore, the XY-16 sequence exhibits a relatively uniform recoupling efficiency versus the carrier offset for up to 10 kHz, while the XY-8 has a local maximum recoupling efficiency at an offset of 4 kHz, which is also observed in the SFAM measurements (c.f. Fig. 6a ). Such a phenomenon can be understood as an interference of the heteronuclear dipolar recoupling with the chemical shift anisotropy that is partly recovered by the dipolar recoupling schemes, as previously reported by Ishii et al. (4) .
CONCLUSION
Performances of the two different heteronuclear dipolar recoupling schemes, SFAM and REDOR, have been measured in the presence of well-defined rf inhomogeneity. It has been demonstrated here experimentally that SFAM is more tolerant of both the rf inhomogeneity and the carrier offset while REDOR, even with XY-8 and XY-16 phase cycling sequences designed for compensation of pulse imperfections, is relatively sensitive to the rf inhomogeneity and the carrier offset. A high recoupling efficiency (>95%) can be obtained for an effective rf nutation frequency greater than 85% for SFAM and greater than 92% for REDOR. Furthermore the recoupling efficiency decreases gradually for SFAM but drops sharply for REDOR as the effective rf nutation frequency decreases. Therefore, the continuous rf modulation scheme to recouple the dipolar interaction under MAS seems to have considerable advantages over the rectangular pulse scheme for insensitivity to rf inhomogeneity. From a practical point of view, some rf inhomogeneity across the sample coil is unavoidable, but it can be severe depending on the sample coil design and sample dimensions. Therefore, due to its tolerance of the rf inhomogeneity, the SFAM recoupling scheme not only allows one to use more sample in the measurements so that the sensitivity can be greatly enhanced, but also eliminates the effect of the instability of the NMR spectrometer, especially for long duration experiments. For the REDOR experiments, the samples have to be placed in a small area of the sample coil to ensure better rf field homogeneity to obtain accurate distance information. However, compared to REDOR, SFAM requires a much higher 1 H decoupling field during the recoupling period when continuous SFAM irradiation is used. Such irradiation may result in significant sample heating. For a dynamic sample such as a membrane protein, the heteronuclear dipolar coupling is partially averaged due to molecular motions. In such an environment, strong 1 H decoupling field may not need to be applied. So we can conclude that SFAM is suitable for such relatively mobile biological samples. On the other hand, REDOR is more suitable for relatively high sensitivity lipid biomolecular samples.
